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A b s tr a c t  ' D istorted-w ave approxim ation calculations have been carried out for electron 
im pact excita tion  o f  the 3 1 'P  and 3 ' 77 sta tes of m agnesium  and 4 ' 'P  sta tes o f  zinc from  
th e ir  re sp ec tiv e  g round  3 'S 0 and 4 '5 () sta te s  R esu lts fo r the d iffe re n tia l c ro ss se c tio n s , 
coherence and correlation param eters arc obtained and reported at incident e lectron  energies 
o f  20 and 40 eV The results for m agnesium  are discussed and com pared with o ther available 
theoretical and experim ental data w hile the results for the zinc atom s are com pared with the 
only availab le  our ea rlie r re la tiv is tic  d isto rted-w ave approx im ation  ca lcu la tions
K e y w o rd s  . E lec tron  im pact ex c ita tio n , Zn atom s, d isto rted  w ave appro x im atio n  
P A C S  N os. 34 80 Dp, 34 80 Nz
1. Introduction
Relatively few earlier experimental and theoretical results have been reported for the electron 
impact excitations of alkaline earth atoms. However, recent experimental activities in measuring 
the differential cross sections (DCS) as well as coherence and correlation parameters for the 
alkaline earth atoms ([1-5] and references cited therein) have renewed interest in similar theoretical 
work ([6-9] and references therein).
In our previous work |9] we carried out calculations using a fully relativistic distorted 
wave (RDW) approximation theory for the electron impact lSQ -» 3lP}, 33P0 j 3!D2, 33D j 2 3 
excitations in magnesium and lSQ —> 4 ‘Pj, 43PQ { 2 excitations in zinc atoms. In this paper review 
of all earlier work was given and the RDW results for DCS, coherence and correlation parameters 
as well as spin polarisation parameters at incident electron energies of 10, 20 and 40 eV were 
presented. For 3 ,,3Pj excitations in magnesium experimental and some other non-relativistic 
theoretical calculations using distorted wave and close-coupling approximations were available 
with which we compared our RDW calculations. While for 31,3Dj excitations in Mg and4I,3Pj 
excitations in Zn we reported our RDW calculations for the first time and there were no other 
calculations for comparison.
€> 1999IACS
In the absence of any other theoretical or experimental results for comparison with our 
RDW results for 4!S -> 4UP excitations in Zn, the main aim of this paper is to carry out a non- 
relativistic distorted wave approximation (DWA) calculation for Zn and present an inter­
comparison to gain confidence of the suitability of the two approximation methods. Further the 
agreement of the results from the RDW as well as earlier theories with experiment was not very 
convincing for 3*S —»31JP, 3MD excitations in Mg. Wc also take up therefore these excitations 
in Mg in the present paper and carry out DWA calculations for them. We believe our present 
study will enable us also to assess the relative contribution of the relativistic effects when we 
compare the DWA results of this paper with our earlier RDW results. Detailed results arc 
obtained and reported at the incident electron impact energies of 20 and 40 eV (where the DWA 
is expected to be reliable) for the differential cross sections as well as the coherence and 
correlation parameters.
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2. Theoretical considerations
2.1 Distorted wave approximation theory' :
In the first-order distorted wave approximation, the transition matrix for excitation of an atom 
with N-electrons from an initial state / to any other excited magnetic sub-state/w; can be written 
as (atomic units are used throughout)
T„ s <x~, V ~ UI^N +M ^ X * > ^ ( I )
w h e r e i s  the antisymmctrization operator which takes into account in the T-matrix, the effect 
of electron exchange between projectile and target electrons. V is the total interaction potential 
given by
V = -
(2)
Here Z is the nuclear charge of the target atom, andr, ryv + 1 arc respectively, the position 
coordinates of the target j-th electron and the projectile electron with respect to nucleus of the 
target. X, (Xj^) is the combined wavefunction of the incident (scattered) electron and target 
atom in the initial (final) state which can be expressed as
=  +« U (r' ' r2 ..............r» ) / >• r A M  > W 1 * 2 ...............N'N + ! ) - <3 )
Here, } is the initial (final) target atom wavefunction and S ,, .is the initial (final)
J  HI )
channel state spin function for the composite system consisting of the incident projectile and 
the target. #*-> (*I(/,.  rm  ) are the projectile distorted waves with the wave vector k ) and 
satisfy
[VL  + * .( ; , - 2 ^ (/, ^ +l) ] / :’+,' )( * ( / r riV+I) = 0. (4)
Here +(—) refers the usual in (out) -  going boundary condition. The distortion potential U (f. is 
given by
( with a  = / o r / ) (5)
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V*tmf is the spherically averaged static potential of the atom in the initial or final state depending 
on whether a is / or/and obtained from the relation
) is the exchange distortion potential in the initial (final) channel and is taken to be that from 
Furness and McCarthy [10].
v et = i i ( I * 2 _ t / ' " " V
«/> 2 |V2 ,(;) “ J
Here, pa is the spherical one electron charge density of the target atom in the initial or final 
channel depending on whether a is i o r /  This is expressed as p u(r) = \d r f 10a ( r , r ' ) | . The 
value of the Tparameter depends on the total spin of the colliding system in the initial and final 
channel for a particular transition. Following Vucic etal[ 11] for scattering from the target in a 
triplet state in the doublet (quartet) mode r  = -  1 (+2) and for scattering from the target in a 
singlet state in the doublet mode r=  1, the above form for V™t) of Furness and McCarthy [10] 
is infact one of the best local approximations for the exchange potential in the intermediate 
electron energy region and has been widely used in literature.
Further, in principle, in the DWA the distortion potential } may be chosen of any 
mathematical form in any suitable arbitrary manner [12]. However, three choices of the distortion 
potential have generally been made in the literature. These are such that either the ground state
(II) or the excited state (FF) distortion potential is taken in both the initial and final channels, or 
the distortion of the initial state in the initial channel and the excited state in the final channel 
(IF) are taken. The IF choice has been frequently adopted earlier which is the traditional 
distorted wave approach described by Mott and Massey [13]. However, there are a number of 
DWA calculations which suggest that the use of II and FF model explains the experimental data 
in a better way and ensure also the orthogonality between the incident and scattered electron 
distorted waves. However, the reason why these two choices (viz. II and FF) should be better 
is not clear. It is most likely that to some degree it accounts for the missing second or higher 
order effects in the first order calculation [ 12,14]. Keeping in mind the above situation, we have 
carried out the present calculations in the FF model.
The wavefunctions for n!S, n!P, n^P, n’D and n3D states of magnesium (n = 3) and zinc 
(/? = 4) are obtained using the Hartree-Fock code of Froescc Fischer [151. The distortion potentials 
are also generated from this code. Further, the excitation scattering amplitude^ in the “collision 
reference frame” is related to the DWA transition matrix element T.j by
2.2 Stokes parameters (P , / = l-A) and alignment and orientation parameters :
The analysis of the polarization of the photon emitted from the excited atom in coincidence 
with the detection of the scattered electron is carried out in terms of usual differential Stokes
( } * « » - c ) ! — %7t zp (7)
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parameters P . i = 1 to 4. These Stokes parameters thus give the information about the state of 
the excited atom (i.e. relative magnitudes and phases of the different magnetic sublevels).
In order to calculate the Stokes parameters. F , i= 1 to 4, theoretically, we follow Blum 
116] who expressed these in terms of the state multipoles < T(L)+KQ > of the excited state of 
atom (having angular momentum L) by the following expressions for the photo decay L —>■ Lr
In the above eqs. (9) and (10) the curly braces denote the Wigner 6/ symbols. Gk(L) are 
the perturbation coefficients which lake into account the fine-structure splitting and arc given
S  is the electronic spin and7 = L + S is the total angular momentum of the atom. The Gk(L) are 
normalized such that GQ(L) -  1 for all L. Further, the state multipoles < T(L)*KQ > of the
(9a)
(9b)
(9c)
and
where in the denominators / '  and / * arc :
1 2 
L L,
(10a)
and
1 2 
L L
(10b)
(ID
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excited state with orbital angular momentum L are related to the complex scattering 
amplitudes am as :
< r (L )+ e > = £  ( - l ) l_w >/2K + 1
M’M
L L K }
M' - M ( 12)
The large round bracket is Wigner 3j  symbol and the values of rank K and component Q of the 
state multipolcs are restricted to K = 2L and -  K < Q < K.
The spin average < aM, a*M > is defined as
< a aM M > =
1
2(25 +1) S <2S + 1)"»“»' (13)
where, S is the atomic spin in the initial state and S is the total spin of the system.
In order to characterize the excited state of the atom immediately after excitation Andersen 
et a ![ \ l \  defined alignment and orientation parameters in ‘natural frame of reference’ which 
can be related to the Stokes parameter. Wc consider here the alignment angle y, the linear 
polarization, Pf and the angular momentum transferred perpendicular to the scattering plane, 
Lv  These are expressed as
Y =
1
— tan 
2 (14)
and
~ ■
2 L 
2 + k
(15)
(16)
(l + /> )(l-/> 4)
(1 + ^ )
(17)
Here, Px to PA are the reduced Stokes parameters which may be obtained by using the same 
relations as for the measured Stokes parameters P ,, P2, P, and P4 (eqs. 9 and 10) but with all the 
Gk(L) in their expressions taken to the unity.
3. Results and discussion
Wc calculated results for the various n 'P and n^P excitations in Mg (n = 3) and Zn (n = 4) and 
the 3 'D and 3 JD excitations in Mg at 20 and 40 e V incident electron energies where most other 
calculations and experimental data arc available for comparison. For all these excitations we 
present the DCS results and the Andersen parameters.
In Figures 1 -3 our values for the DCS for Mg and Zn atoms are presented and compared. 
In Figure 1(a) we compare the different cross sections for the excitation of the 3'P-slate. We
208 Savinder Kaur, Surbhi Verna and Rajesh Srivastava
have included the six-state close-coupling calculation (CC6) and the six-state close-coupling 
calculation which includes a continuum orbital potential (CC06) of McCarthy et al [7]. Also 
included are the FOMBT calculations of Menescs et al [6] using single configuration ground 
state as given in tabular form in their paper. The experimental data of Brunger e t«/ [18] and 
Williams and Trajmar [19] were reported at 10, 20 and 40 eV energies. Both sets of data are 
shown in the figure. For 3'P excitation five-state CCA calculation of Mitroy and McCarthy [20] 
and non-relativistic DWA calculations of Clark et al [8] are also available. However, CCA 
results of Mitroy and McCarthy [20| are not included in the figure as they differ very slightly 
from the DCS of the CC6 calculation. We also include the single configuration ground state 
results of our earlier RDW calculations. From this figure, we see that all the theoretical curves 
have the same shape, but that there are considerable differences in magnitude, especially for 
larger scattering angles. On comparing our DWA values with the FOMBT results which are 
characterised by the feature that the distorted waves for both the incident and scattered 
electrons are calculated in the static-exchange potential of the ground state atom (i.e. similar to 
II model), and with the DWA results of Clark et al [8], who calculated the continuum wavefunction 
in the potential of the initial and final configurations for the incident and scattered electrons 
respectively (i.e. similar to IF model), we find that the DWA results have better agreement with 
the experiment than .the later two theories ; especially in the forward and backward scattering 
angles.
F ig u re  1(a). Differential cross section in units o f a„J s r 1 for electron im pact excitation of
the 3 'P  state o f magnesium at 20 and 40 e V ._________ _ Present DWA results ; ----------- ,
RDW results ; ............. , FOMBT results ; ---------- . CC6 results ; —  . —  . C C 0 6  results ; —  •
— , DWA results of Clark e t a l  [8J. Experiment, a ,  Brunger et a l  [18] ; A, W illiam s and 
T rajm ar [19],
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In Figure 1(b) we compare the different cross sections for the excitation of the 33P-state. 
The only difference to Figure 1(a) is that the experimental DCS data are now taken from the 
improved experimental data of Houghton et al[21] available only at 10 and 20 eV. On comparing 
our DWA results with the FOMBT results we find that the comparison of the DWA results is 
better in the forward scattering angle range 0-40° while FOMBT does better in the range 50- 
120°. No conclusion for the most suitability of a particular approximation method can hence be 
drawn from Figures 1(a) and 1(b). In both these figures we find the best overall agreement can 
be said for the CCA results.
Q
Scattering angle (deg) Scattering angle (deg)
F ig u re  K b ) . Sam e as F igu re  1(a) but for 3 'P  sta te  o f  m agnesium  at 20 eV  and 40  eV 
Theory . as in F igure 1(a). Experim ent, • ,  Houghton e l a l  [21].
In Figure 2 we compare our DWA results with our earlier RDW results for 313D excitations 
in magnesium. Williams and Trajmar [ 19] reported data at 10,20 and 40 eV energies for the 31 D 
excitation as well as for the unresolved 33D + 43P states. We have included only their data for 
the 3*D excitation for comparison in Figure 2 as our results for 33D excitation cannot be directly 
compared with the experiment. The measured DCS results for the 3,D2-statc are relative and 
William and Trajmar [ 19] used the same normalization as for the excitation of the 3UP states. 
This experiment when normalized with respect to the RDW or the DWA results shows good 
comparison with the normalized curve. There is qualitative agreement with both the results. 
However, we find that though for lD results the comparison between the RDW and DWA 
results is not very convincing, but for 3D results the similar structures for both RDW and DWA 
are encouraging.
Finally in Figure 3, we present an inter-comparison of the RDW and DWA results for 
the 4UP excitations in Zn for which there are no other experimental or theoretical data. For4!P
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transition in zinc as expected we find that with the increase in energy the agreement between 
the RDW and DWA calculation improves. Further for 43P excitation we find that there is a 
qualitative agreement between the RDW and DWA calculations. Also, with the increase in 
energy more structures are seen in both the RDW and DWA results. Note that in LS-coupling 
the 43P excitation from the ground 4!S state can occur only through an electron spin-exchange 
piocess, but in a relativistic treatment spin-flip can occur via spin-orbit coupling as well. In 
order to draw more meaningful comparisons for the 4*S —» 4 ,3P excitations in Zn, more 
theoretical and experimental work should be taken up.
Figure 2. D ifferential cross section m units o f  a 2() s r '  fo r e lec tron  im pact ex cita tion  o f  the
3 'D  and 3 ’D states o f  m agnesium  at 20 and 40 e V ____________Present DWA results ; --------
—  . RD W  results. Experim ent, A, W illiam s and T ra jm ar [19].
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In Figure 4(a), we show the orientation and alignment parameters Pt, y and respectively 
for the 3 *P and 33P excitations in magnesium at 4a eV. In these figures, we have compared our 
DWA and RDW results with the DWA results of Clark et al [8] and the FOMBT calculations of
F igure  3. Same as Figure 2 but for 4 'P  and 4 T  states of 7inc at 20 and 40 eV
Mcneses et al [6] for 3*P excitation in magnesium. For 33P excitation in magnesium we compare 
DWA and RDW results with the FOMBT results of Meneses et al [6]. Experimental results 
have been reported by Brungerefa/118] only for the 3!P excitation in the limited angular range 
of 5-20° for 20 and 40 eV incident electron energies. Mitroy and McCarthy [20] have also given 
five-state CCA results for the 31P state in the angular range for the incident energies where the 
experimental data exist. Since their results are in very good agreement with our earlier RDW 
results and the FOMBT results, for sake of clarity these are not shown. In Figure 4(a) we see 
that though all the theories agree well with the available experimental data of Brungere/al [ 18] 
for 3‘P excitations in Mg, the DWA results are far away from the experiment. All the curves 
show similar structures. As we can clearly see here, these parameters are very sensitive to the 
distortion potential used.
In Figure 4(b) we inter-compare our DWA results with the earlier reported RDW results 
for the 4 !P and 43P excitations in Zn at 20 eV. Peak to peak structures are not followed and the
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two theories differ in magnitude also. It would be highly desirable to have experimental data to 
provide a more extensive test of the theoretical models.
• Tfc— 5b— T&— rfe— tio
Scattering angle (deg)
F ig u re  4(a). The parameters L ± , P t and y  for the electron im pact o f  the 3 ‘P and 3 'P  states
o f  m agnesium  at 40 e V ____________. P resen t DWA resu lts  , --------------, R D W  resu lts  ,
.............. , FOM BT results , * —  DWA results o f Clark e t <i/|8] Experim ent. • ,  B runger
e t al [18]
4. Conclusion
We have presented our distorted-wave approximation calculations for the differential cross
section, coherence and correlation parameters for electron impact excitation of the 31,3P and
31,3D states of magnesium and 4i,3P states of zinc from their respective ground 3IS0 and 4*S0
states. The agreement of our DWA results for the 34 *13P excitations in Mg are similar to those
reported earlier in literature. However, our earlier RDW results differ from the present DWA
results. In case of 4 I,3P excitations in zinc and at high energy the RDW and DWA results
compare well. Further, we find that for the 3!D2 results in magnesium the DWA results show
better agreement with the experiment as compared to the RDW results. The difference in our
RDW and DWA results could arise due to different wavefunctions used and also due to the
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difference in the way exchange has been treated in both the approximations. Finally, more 
experimental and theoretical studies are needed to enable us to draw a better conclusions.
F igure  4(b). The parameters L l , P t and y for the electron impact of the 4 'P  and 4 'P  states 
o f Zinc at 20 e V .___________  , Present DWA results . ----- — , ROW results.
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